We investigate the structural, energetic, and electronic properties of hydrogen-passivated doped and undoped germanium nanowires along ͓001͔, ͓110͔, and ͓111͔ directions, with diameter d up to 3 nm, using ab initio methods. A critical diameter d c Ϸ 2 nm is found, above which all wires have faceted cross sections determined by the symmetry of their axis. The wires possess several electronic properties relevant for sensing and other nanoelectronic applications: ͑i͒ Quantum confinement has a substantial effect on the electronic band structure and, hence, the band gap ͑E g ͒, which increases with decreasing diameter. ͑ii͒ Wires oriented along ͓110͔ are found to have a direct E g , while the wires along ͓111͔ are found to have an indirect E g . Wires along ͓001͔ show a crossover from a direct to an indirect E g as diameter increases, the value of the critical diameter for the transition being 1.3 nm. ͑iii͒ The electronic band structure shows a significant response to changes in surface passivation with hydrogen. ͑iv͒ Doping of wires with n-and p-type atoms produced a response in the band structure similar to that in a doped bulk crystal.
I. INTRODUCTION
A nanowire ͑NW͒ is a structure for which two of its dimensions are small ͑Ͻ100 nm͒, while the third dimension can be as long as a few micrometers. They ͑NWs͒ come in different geometric shapes such as wires, tubes, rods, and belts. [1] [2] [3] [4] They exhibit many properties and applications very different from their corresponding bulk form. Therefore, they have been assiduously studied recently for their potential applications in electronic devices and sensors. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] NWs were found to exhibit a quantum confinement effect in the direction perpendicular to the growth direction and periodic band structures in the direction parallel to the direction of growth. 15 Due to the wide adjustability of NW optoelectronic properties, their use in photovoltaic cells, photodetectors, field effect transistors, and other devices has been investigated. 16, 17 Many materials have been used for the generation of NWs. 11, 12, 14, 18 Of more specific experimental interest have been the NWs made of Si due to the ease of integrating them into devices with current Si infrastructure. [19] [20] [21] Several computational studies, using ab initio methods, of structureproperty relationship in Si NWs have also been carried out. [22] [23] [24] [25] These studies involved the structural, energetic, electronic, and optical properties of hydrogen-and halogenpassivated silicon nanowires along ͓001͔, ͓110͔, ͓111͔, and ͓112͔ orientations, using different forms of first-principles approaches. Some of them computed band gaps and dielectric constants comparable to those found in experiments, with GW 23 or screened exchange 24 approximations. Quantum confinement effects were found for nanowire diameters below Ϸ2.0 nm. It was concluded that surface passivation of Si dangling bonds, by different chemical species and with different surface concentrations, and also doping by p-or n-type atoms have a strong effect on the band structure and band gaps. 15, 23 Collectively these results suggest that Si NWs are good candidates for sensing and optical applications. It is well known that Ge has many advantages over Si for electronic applications. 10, 26 Therefore, significant experimental investigations of Ge NWs have been reported recently. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Wang et al. 14 synthesized Ge nanowires experimentally using chemical vapor deposition and examined the surface chemistry and electrical properties of Ge nanowires with p and n dopants. They observed opposite band bending in nand p-type doped nanowires due to changes in the resulting surface passivation. Mathur et al. 11 synthesized Ge nanowires using laser ablation and chemical vapor transport reactions at higher temperatures. They observed a low field shift in the Raman spectra ͑RS͒ of Ge NWs, compared to bulk, due to strain caused by dimensional confinement. Sun et al. 12 synthesized Ge NWs with diameters from about 30 nm to tens of micrometers, using thermal evaporation of Ge powder. They observed NWs having a diamond structure and observed ͓111͔ as the preferred growth direction. Kamanev et al. 13 concluded from differences in the RS and photoluminescence spectra of Ge NWs grown on Si͑001͒ and Si͑111͒ that wires grown on the former surface were relaxed, while those on the latter showed Si-Ge intermixing and strain.
Motivated by this recent interest in experimental and theoretical studies [27] [28] [29] we focus here on the theoretical study of structural, energetic, and electronic properties of hydrogenpassivated Ge NWs, using first-principles calculations, varying the ͑i͒ wire diameter, ͑ii͒ orientation of axis, ͑iii͒ concentration of passivating H atoms at the surface, and ͑iv͒ the presence of n-and p-type dopant atoms.
II. AB INITIO METHOD
Our calculations were performed in the framework of density functional theory, 30 within the local density approximation ͑LDA͒ using VASP. [31] [32] [33] [34] [35] Core electrons were implicitly treated by ultrasoft Vanderbilt pseudopotentials. 36, 37 For each calculation, irreducible k points were generated using the Monkhorst-Pack sampling scheme, 38 with a sufficient number of k points as determined by convergence tests. These tests have shown that k-point grids from 2 ϫ 2 ϫ 6 to 2 ϫ 2 ϫ 18 gave sufficient accuracy in the calculation of total energies and forces, depending on the supercell shape and size. The single-particle wave functions were expanded in a plane-wave basis using a 150 eV kinetic energy cutoff, which was determined by convergence tests to be sufficient. As a test of the pseudopotentials used, we computed for bulk Ge a lattice constant of 0.5638 nm and a bulk modulus of 72.57 GPa, in excellent agreement with experimental values 39 of 0.5658 nm and 75 GPa, respectively. The theoretical lattice constant was used in all calculations.
III. NANOWIRE STRUCTURE
We have studied different geometries of Ge NWs along ͓001͔, ͓110͔, and ͓111͔ crystallographic directions of the diamond lattice. We started with wires which were bulk terminated and had circular cross sections. All dangling bonds on the surface were saturated with hydrogen ͑H͒ atoms. This procedure is known to remove surface states from the band gap ͑E g ͒ of the material. The typical Ge-H bond length was around 0.15 nm, and varied around this value depending on the local geometry of the surface.
The smallest repeating unit along the wire axis was used to create an effectively infinite wire by periodic repetition of this unit along the wire axis. This was taken to be the Z axis. Two directions perpendicular to the wire axis were taken as the X and Y axes, and a tetragonal supercell with a large vacuum region was used. Typical center to center distance between two periodically repeating wires was ͑d + 0.6 nm͒ along the X and Y axes, where d was the diameter of the wire. This large vacuum ensured that there was negligible interaction between wires. The atomic positions of all atoms were then fully relaxed using the first-principles methods described above. Energy convergence to better than 1 meV was obtained in the fully relaxed structures.
IV. RESULTS
More than 30 wires constructed along the three axes ͓͑001͔, ͓110͔, and ͓111͔͒, of different diameters up to 3 nm, were fully relaxed. Figure 1 shows the structures of some of these different NWs. The compact notation NW ͓hkl͔ ͑Ge−m,H−n,. . .͒ ͑d͒ represents a NW along an axis of Miller indices ͓hkl͔ containing m Ge and n H atoms, with additional entries for more elements as needed, with a diameter d expressed in nanometers. As an example, NW ͓001͔ ͑Ge−89,H−44͒ ͑2.03͒ represents a NW along the ͓001͔ axis containing 89 Ge atoms and 44 H atoms, with a diameter of 2.03 nm. To represent a doped nanowire, we have the third element in the superscript to signify the type and number of dopant atoms. The optimized structures of NWs are highly symmetric and, in general, lack significant surface reconstruction due to the passivation of the dangling bonds by H. Figure 1 shows that surface atoms of the NWs relax more than atoms nearer to the center. It was observed that bond lengths between Ge atoms at the surface were relaxed by Ϸ1%, whereas no relaxation was observed for atoms in the interior region away from the surface. When the NWs were allowed to dimerize, it was observed that atoms relaxed by Ϸ50% as expected. Cross sections of wires along ͓110͔ were found to have cylindrical structures for all diameters. Along ͓001͔ and ͓111͔ axes, the smaller wires with diameters d Ͻ d c have circular cross sections. As seen from Fig. 1 , the critical diameter d c above which the cross section acquires a faceted shape lies in the range 2.0 nm Ͻ d c Ͻ 3.0 nm for these ͓͑001͔ and ͓111͔͒ axes. The value of d c is determined by the competition to lower the total energy, between energies of the different exposed surfaces of H terminated Ge, under the constraint of a fixed volume. Wires along the ͓001͔ direction appear in Fig. 1 to have a rectangular bonding geometry rather than the expected square surface arrangement of atoms in a single ͑001͒ surface layer. This expected square arrangement of atoms of a diamond lattice is not made of nearest neighbor atoms. The rectangular structure seen in Fig. 1 arises because the middle atoms, along the longer side of the rectangle, are nearest neighbors of the top layer atoms and are one layer below the top layer. For bigger diameter ͑d Ͼ d c = 2.15 nm͒ wires along ͓001͔, cross sections were found to be octagonal shaped with facets of the ͕001͖ and ͕110͖ type, which were normal to ͓001͔. For bigger diameter ͑d Ͼ d c = 2.11 nm͒ wires along ͓111͔, they were hexagonal shaped with facets of the ͕110͖ type, which were normal to ͓111͔. We also observed that due to the differing atomic densities in different planes, for a fixed diameter, wires oriented along the ͓111͔ direction have a larger number of atoms compared to wires along the ͓001͔ direction, which, in turn, have a larger number of atoms compared to wires along ͓110͔. Surface energies were calculated for our NWs, and were found to be linearly dependent on d. These surface energies 40 were found to be approximately in the ratio 4:5:3, respectively, for wires along ͓001͔, ͓110͔, and ͓111͔, reflecting the relative energy contributions of the exposed facets to the total energy of the NW. We also found that the energy per Ge atom in any NW decreases with increasing diameter and approaches the energy of the bulk per Ge atom.
Electronic band structures of the relaxed wires were calculated from ⌫ ͑0,0,0͒ point to X ͑0,0,2 / d r ͒ along the wire axis, where d r is the length of the repeating unit of the wire along its axis. Figure 2 shows the band structures for the wires over half this range 41 for the wires shown in Fig. 1 . We observed that the dispersion of the valence band ͑VB͒ for wires with approximately the same diameter is greatest for wires along ͓110͔ and least for wires along ͓111͔. As expected from a quantum size effect, we observed that the ab- Table I displays a sampling of these values of E g . These data show that NW E g could be either direct or indirect, depending on the crystallographic orientation. NWs along ͓110͔ and thin ͑d ഛ 1.3 nm͒ ones along ͓001͔ have direct band gaps occurring at the ⌫ point. Such wires, due to their direct gaps, would be suitable for applications in optics. Wires along ͓001͔ were found to transit from direct to indirect E g as the diameter increased above 1.3 nm, while all wires along ͓111͔ have indirect band gaps. Kholod et al., 43 have made similar observations when they studied unrelaxed Ge quantum wires along ͑100͒, ͑110͒, and ͑111͒ axes. Figure 3 shows the plot of E g versus d, which clearly depicts that the E g depends on both the thickness of the wire and its orientation. Among the band structures we calculated the largest E g Ϸ 4.3 eV, within LDA, was found for NW ͓001͔ ͑Ge−5,H−12͒ ͑0.41͒. We observed for wires with the same diameter but different orientations that E g is greatest for wires along ͓001͔ and lowest for wires along ͓110͔. For comparison, for our pseudopotentials we found that the E g for bulk Ge between the G and L k points was 0.06 eV and the direct E g at G was 0 eV. These values may be attributed to the manner in which semicore states of Ge are treated as commented by Tiago et al. 44 and Beckman et al. 45 There are distinct differences in the behavior of E g for NWs of Ge compared to those of Si, as seen from earlier computations. 15, 23 For Si, NWs along ͓110͔ and thin ͑d ഛ 2.2 nm͒ NWs along ͓111͔ have direct band gaps occurring at the ⌫ point. It has also been shown 23 that Si NWs along ͓111͔ have a greater E g than those along ͓110͔ with the same diameter. These differences in the variation of the band gaps of NWs, from direct to indirect, with orientation and diameter can be attributed to differences in the location of the conduction band minima of the two materials. Si has six ellipsoidal conduction bands with axes along the ͗001͘ directions, while Ge has eight ellipsoidal conduction bands along the ͗111͘ axes.
Besides this dependence of E g on d and the orientation of the growth axis, other ways for modifying the electronic properties would be important for applications. Surface adsorption and doping are two ways in which this may be achieved. NWs have already been contemplated as the active elements in sensing devices because the large surface area is believed to cause the sensitive dependence of electronic properties on changes in surface adsorption by different chemical species. 9 To demonstrate this effect in a simple model system, we also studied the electronic structures of NWs along ͓111͔, which have facets of ͕110͖ and ͕100͖ types, by changing the surface hydrogen concentration. This orientation was chosen because of the tendency of the unhydrogenated facets to dimerize. Hydrogen atoms were removed from the surface of relaxed wires. Band structures of these wires were found to have electronic states with energies lying in the middle of E g due to the occurrence of unpaired electrons on the surface of the NW after the removal of H atoms. This change in the electronic properties with a change in hydrogen concentration for wires along ͓111͔ could be potentially exploited in sensing applications, due to the disappearance of the E g , which would cause a significant increase in electronic conduction. Similar results for Si NWs have been observed in other computations. 15, 23 Band bending caused by doping Ge NWs has been demonstrated experimentally. 9 Motivated by this result, we doped our NWs with boron and phosphorus. Highly doped p-type ͑n-type͒ wires are obtained by the addition of a boron ͑phos-phorus͒ atom in the interior of the NW. Doping was performed for NWs of d Ϸ 2.0 nm along each axis. The concentration of dopants was very high such as one dopant for 89 Ge atoms in the unit cell along the ͓001͔ axis, one dopant for 69 atoms along the ͓011͔ axis, and one dopant for 170 Ge atoms along the ͓111͔ direction. These structures were allowed to relax, and their band structures were studied subsequently. Cross-sectional views of these relaxed doped Ge NWs are shown in Fig. 4 . Figure 5 shows the band structures of doped Ge NWs for a single wire along each crystallographic direction ͓͑001͔, ͓110͔, and ͓111͔͒. A high level of doping ͑0.5-1.5%͒ obviously has an impact on the electronic structures of Ge NWs. As shown in Fig. 5 , adding a p-type ͑n-type͒ dopant moves the E F toward the VB ͑CB͒. The maximum of the VB and the minimum of the CB increase ͑decrease͒ in energy with the addition of p-type ͑n-type͒ dopant when measured relative to E F . Figure 5 also shows that the doping of wires does not have a significant effect on the dispersion of VB and CB. Thus, the effect of doping on the band structure of hydrogenated Ge NWs is similar to that in doped bulk Ge. This property would make Ge NWs suitable for applications which require the tuning of the NW conductivity by doping.
V. CONCLUSIONS
We have studied from first principles the structural, electronic, and energetic properties of doped and undoped Ge NWs along three principal growth directions ͓001͔, ͓110͔, and ͓111͔. The NW growth direction and diameter have a significant effect on the structural and electronic properties. Wires above a certain critical diameter d c Ϸ 2 nm begin to show faceting of their surfaces, due to the orientation dependence of the surface energies of the exposed Ge facets. The electronic band structures and band gaps show a significant dependence on the diameter, NW axis orientation, surface passivation, and doping. We show that a change in the surface passivation of dangling bonds produces a substantial effect on the NW electronic structure. This sensitive response could be beneficial in a variety of sensing and nanoelectronics applications.
